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A B S T R A C T
Background: A recent report demonstrated that early enhancement on contrast-enhanced cardiac
magnetic resonance (CE-CMR) correlated with myocardial edema detected by T2-weighted CMR in
reperfused acute myocardial infarction (AMI). However, the time at which the enhancement in salvaged
myocardium disappears is yet to be determined. We aimed to examine the time course of the
enhancement with the use of different quantiﬁcation techniques and to compare the extent of
enhancement with the myocardial edema.
Methods and results: CE-CMR was performed at 2–20 min after gadolinium administration in 32 AMI
patients. The extent of enhancement (% myocardium) was quantiﬁed by manual delineation and the
threshold methods of 2–5 SDs above remote myocardium. In subendocardial infarct, the enhancement
was greatest at 2 min regardless of the quantiﬁcation techniques and decreased with time, particularly
in the ﬁrst 6 min. In transmural infarct, the change in the size of enhancement was modest although the
time course of enhancement varied according to the quantiﬁcation techniques. The sizes of
enhancement were not signiﬁcantly different between 15 and 20 min regardless of the techniques
and infarct transmurality. The best agreement with myocardial edema was found at 2 min with average
differences of 0.5% and 1.2% and limits of agreement of 20.2% and 21.2% for the manual and 2-SD
techniques, respectively.
Conclusions: The optimal timing for delineation of salvaged myocardium on CE-CMR is at 2 min when
the manual or 2-SD technique was employed. Imaging needs to be completed in a short time (ideally
within a minute) because of rapid reduction of enhancement in salvaged myocardium.
 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.Introduction
The signiﬁcance of gadolinium enhancement on contrast-
enhanced cardiac magnetic resonance (CE-CMR) early after acute
myocardial infarction (AMI) is under debate [1]. Early reports
indicated that the enhanced region early after injury encompassed
not only nonviable myocardium but also reversibly injured
myocardium [2–4] and was closely related to the area at risk
(AAR) rather than the true infarction [3]. The size of enhancement* Corresponding author at: Cardiovascular Center, Rakuwakai Otowa Hospital,
2, Otowachinji-cho, Yamashina-ku, Kyoto 607-8062, Japan.
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0914-5087/ 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rightscould vary with time after gadolinium injection, and overestima-
tion of infarct size could be particularly observed on early
acquisition [5,6]. A recent report demonstrated that early
enhancement correlated with myocardial edema detected by
T2-weighted (T2W) imaging in reperfused AMI [7]. In the ﬁrst few
minutes after administration, the enhanced region would depict
the AAR and overestimate acutely infarcted myocardium, whereas
late after gadolinium administration, more rapid clearance of
gadolinium from normal or salvaged myocardium would permit
the distinction between acutely infarcted myocardium and viable
myocardium [1]. However, the time at which the enhancement in
salvaged myocardium disappears is yet to be determined.
The Society for Cardiovascular Magnetic Resonance guidelines
for reporting cardiovascular magnetic resonance examinationsreserved.
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myocardium as a cutoff to reportmyocardial lesion on late CE-CMR
[8]. For the deﬁnition of myocardial infarction, higher thresholds
are recommended to avoid overestimation of infarct size [9].
Enhancement in salvaged myocardium on early CE-CMR is not as
bright as in infarcted myocardium on late CE-CMR [7]. Therefore, a
standardized deﬁnition of enhancement for quantifying the AAR
on early CE-CMR is required.
The aim of this study was to examine the time course of
myocardial contrast enhancement in reperfused AMI with the use
of different quantiﬁcation techniques and to compare the extent of
enhancement with myocardial edema on T2W CMR.
Materials and methods
The study protocol was approved by the institutional review
board. Written informed consent was obtained from all patients
before the examination.
Study patients
Our prospective study enrolled 32 consecutive patients who
experienced their ﬁrst AMI with total or subtotal coronary artery
occlusion. All patients subsequently underwent primary percuta-
neous coronary intervention within 24 h after the onset of
symptoms. CMR study was carried out within 5 days after the
onset of symptoms. The diagnosis of AMI was based on a clinical
history of typical chest pain, characteristic electrocardiogram
changes, and rise of cardiac biomarkers in the blood. Exclusion
criteria included primary myocardial disease, unstable hemody-
namic status, inability to hold a breath during scanning, severe
arrhythmia, or any contraindications for CE-CMR examination.
CMR imaging protocol
Imagingwas performedon a 1.5-T scanner (MAGNETOMAvanto,
Siemens Healthcare, Erlangen, Germany) using a 12-channel
phased-array coil with electrocardiographic triggering and
breath-holding condition. Surface-coil intensity correction was
performed using a low-resolution proton density-weighted dataset
acquired during a prescan calibration.
For the detection of myocardial edema, a T2W triple inversion
recovery turbo spinechosequencewasemployedwith the following
parameters: repetition time/echo time: 2 heartbeats/62 ms; inver-
sion time (TI): 170ms; and typical spatial resolution: 2.0 mm
1.8 mm 8 mm. Imageswere acquired in three standard short-axis
slices (basal, midventricular, and apical) [10].
CE imaging was performed at 2, 4, 6, 10, 15, and 20 min after a
bolus injection of 0.15 mmol/kg gadodiamide (Gd-DTPA-BMA,
Omniscan, Daiichi Sankyo, Tokyo, Japan). In order to examine the
time course of myocardial enhancement, images were acquired in
one representative slice location where myocardial edema was
greatest. A segmented two-dimensional phase-sensitive inversion-
recovery (PSIR) gradient-echo sequence [11]was employedwith the
following parameters: repetition time/echo time: 8.3 ms/3.9 ms;
ﬂip angle: 258; TI determined to null normal myocardium; and
typical spatial resolution: 2.0 mm 1.4 mm 8 mm. Just before
each CE imaging, a segmented inversion recovery steady-state free-
precession sequence (TI scout) acquisition was performed to
determine the optimal TI.
Image analysis
CMR images were analyzed using the freely available software
Segment version 1.9R1942 (http://segment.heiberg.se) [12] in a
randomized fashion by the consensus of two experiencedobservers who were unaware of the clinical information. The
abnormal region was expressed as a percentage of the myocardial
slice.
On T2W images, myocardial edema was semi-automatically
deﬁned as affected when 10 or more connected myocardial pixels
revealed a signal intensity >2 SDs in the middle of remote
myocardium (region of interest of 50 mm2). Myocardial hemor-
rhage was deﬁned as a hypointense area with a signal intensity of
<2 SDs of remote myocardium within hyperintense area and was
included in the myocardial edema.
On CE images, enhanced myocardium was deﬁned by manual
delineation and semiautomated analyses using signal intensity
thresholds of 2, 3, 4, and 5 SDs above the middle of remote
myocardium (region of interest of 50 mm2). An affected
myocardial region was considered when 10 or more connected
myocardial pixels involving at least the subendocardium were
demonstrated. A hypoenhanced region within a hyperenhanced
myocardium (microvascular obstruction) was included in the
enhanced myocardium. The size of microvascular obstruction was
measured on CE images at 20 min using the 5-SD technique.
Transmural extent of enhancement was visually assessed on CE
images at 20 min. Extension of enhancement that exceeded 75% of
transmural distance was designated as transmural and the rest as
subendocardial [10]. In order to investigate radial and circumfer-
ential directions of changes in enhancement, the enhancement
deﬁned by the 2-SD technique was assessed at 4.58 intervals
around the circumference of left ventricular myocardium [13].
The radial extent was calculated as mean transmurality in the
segments with enhancement. The circumferential extent was
calculated as a percentage of segments with enhancement.
Statistical analysis
Statistical analysis was performed with PASW Statistics 18
(SPSS Inc., Chicago, IL, USA). Data are expressed as mean  SD for
quantitative variables and as frequency with percentage for
categorical variables. Comparisons of quantitative variables were
done with the paired t-test. Assuming that the timing for accurate
assessment of acute infarct size was 20 min after gadolinium
injection [1,14], we compared the size of enhancement at 20 min
with different time points. Between-group comparisons were done
with the unpaired-samples t-test. Interobserver and intraobserver
variability for the size of enhancement bymanual delineation and the
agreement between myocardial edema on T2W imaging and
enhancement on CE imaging were examined in randomly selected
10 patients using Bland–Altman analysis. A p-value < 0.05 was
considered a statistically signiﬁcant difference.
Results
Patient characteristics and clinical results
Patient characteristics are shown in Table 1. Primary percuta-
neous coronary intervention was successfully performed in all
patients. There were no clinical events that suggested reocclusion
or restenosis during the period between reperfusion therapy and
CMR examination. Images of diagnostic quality were obtained in
all patients.
CE-CMR
The mean TI increased in parallel with the imaging time after
gadolinium administration (207  23, 250  23, 279 28, 305 24,
324 26, and 346 26 ms at 2, 4, 6, 10, 15, and 20 min, respectively).
Twominutesafter administration, enhancementwasalreadyseen inall
patients. Infarct was deﬁned as transmural in 20 patients and as
Table 1
Patient characteristics.
Subendocardial Transmural
Number of patients, n 12 20
Age, years 6710 6111
Male/female 7/5 18/2
Time from symptom onset to balloon, h 4.63.3 6.65.4
Time from symptom onset to CMR, h 72.832.7 73.326.3
Time from reperfusion to CMR, h 68.232.0 66.728.1
ST-elevation myocardial infarction, n (%) 7 (58) 20 (100)
Peak creatine kinase-myocardial band, U/l 112114 374267
Angiographic data
Culprit location (LAD/LCX/RCA), n 9/2/1 13/1/6
Number of diseased vessels (1/2/3), n 9/3/0 10/8/2
TIMI grade before reperfusion (0/1/2/3), n 3/0/7/2 11/6/3/0
TIMI grade after reperfusion (0/1/2/3), n 0/0/2/10 0/0/8/12
Collateral grade (0/1/2/3), n 6/2/3/1 10/7/2/1
Values are expressed as mean SD, n (%), or median (interquartile range). CMR,
cardiovascular magnetic resonance; LAD, left anterior descending coronary artery;
LCX, left circumﬂex coronary artery; RCA, right coronary artery; TIMI, thrombolysis
in myocardial infarction.
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Fig. 1. Time course of the size of myocardial enhancement after gadolinium
administration. Contrast-enhanced imaging was performed at 2, 4, 6, 10, 15, and
20 min after gadolinium injection. (a) Patients with subendocardial infarct and (b)
patients with transmural infarct. Myocardial enhancement was quantiﬁed by
manual delineation and semiautomated analyses using signal intensity thresholds.
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territory of infarct-relatedartery at all timepoints, an additional areaof
enhancement that did not correspond to the territory of the infarct-
relatedarterywas identiﬁed in twocases. Theseareaswere surrounded
by normal myocardium and were clearly isolated from the acutely
infarcted area. These remote areas of enhancement were retrospec-
tively excluded from the abnormal regions. Microvascular obstruction
occupied a mean of 0.2  0.6% and 5.5  8.1% of myocardial slice in
subendocardial and transmural infarcts, respectively. For interobserver
and intraobserver variabilityon themanualdelineation, thedifferences
in the size of enhancement were 0.2% and 0.5%, and the limits of
agreement were 8.6% and 10.0%, respectively.
Fig. 1 shows the time course of the size of enhancement after
gadolinium administration with the use of different quantiﬁcation
techniques (see online supplementary material for details). In
subendocardial infarct, enhancement was greatest at 2 min
regardless of the quantiﬁcation techniques and decreased with
time, particularly in the ﬁrst 6 min. Enhancement already
diminished at 4 min by 16%, 15%, 15%, 24%, and 17% on the
manual, 2-SD, 3-SD, 4-SD, and 5-SD techniques, respectively. The
sizes of enhancement were not signiﬁcantly different between 15
and 20 min on all the quantiﬁcation techniques. The extent of
enhancement deﬁned by the 2-SD technique diminishedwith time
in both radial (77.3%, 72.2%, 69.3%, 69.3%, 65.2%, and 63.4% at 2, 4, 6,
10, 15, and 20 min, respectively) and circumferential directions
(54.2%, 46.4%, 46.1%, 46.1%, 41.1%, and 39.8% at 2, 4, 6, 10, 15, and
20 min, respectively). A representative case with subendocardial
infarct that demonstrates the shrinkage of enhancement over time
is shown in Fig. 2. By contrast, in transmural infarct, the change in
the size of enhancement was modest although the time course of
enhancement varied according to the quantiﬁcation techniques
until 15 min. The differences in the size of enhancement between
15 and 20 min were not signiﬁcant, as well as in subendocardial
infarct. The change in the extent of enhancementwas small in both
radial (79.3%, 80.4%, 80.2%, 80.2%, 79.4%, and 80.5% at 2, 4, 6, 10, 15,
and 20 min, respectively) and circumferential directions (48.6%,
48.6%, 48.1%, 47%, 45.4%, and 43.8% at 2, 4, 6, 10, 15, and 20 min,
respectively). Representative cases with subendocardial and
transmural infarcts are shown in Fig. 2.
Enhancement on CE Imaging vs. myocardial edema on T2W imaging
In all patients, the location of increased signal intensity areas in
T2W images corresponded to the territory of infarct-related artery.
The sizes of myocardial edema were 51.4  22.1% and 46.8  15.6%of myocardial slice in subendocardial and transmural infarcts,
respectively. Myocardial hemorrhage occupied a mean of 1.4  1.9%
and 7.2  7.2% of myocardial slice in subendocardial and transmural
infarcts, respectively. In subendocardial infarct, the myocardial
edema was signiﬁcantly larger than the enhanced regions at4 min
on the manual delineation, at 6 min on the 2-SD technique, and at
all time points on the 3-SD, 4-SD, and 5-SD techniques. The smallest
difference between the myocardial edema and the enhanced region
was found at 2 min on both the manual and 2-SD techniques. In
transmural infarct, the myocardial edema was signiﬁcantly larger
than the enhanced region at 4 min on the manual delineation, at
15 min on the 3-SD technique, and at all time points on the 4-SD and
5-SD techniques. On the 2-SD technique, the differences were small
and not signiﬁcant at all time points. Fig. 3 shows Bland–Altman
analysis of the differences between the myocardial edema and the
enhancement on CE-CMR at 2 min using the manual and 2-SD
techniques. The average differences were 0.5% and 1.2%, and the
limits of agreement were 20.2% and 21.2% for the manual and
2-SD techniques, respectively.
Discussion
The major ﬁndings in the present study are summarized as
follows: (1) The time course of enhancement varied with
quantiﬁcation techniques and infarct transmurality until 15 min;
(2) There was a rapid reduction of the enhancement in subendo-
cardial infarct, particularly in the ﬁrst 6 min; and (3) The good
agreementwithmyocardial edemawas found at 2 min regardless of
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Fig. 2. Corresponding short-axis images on T2-weighted (T2W) and contrast-enhanced (CE) imaging at serial time points. The epicardium is traced in green, endocardium in
red, and the affected region deﬁned by the 2-SD technique in yellow. (a) Cardiac magnetic resonance (CMR) imaging was performed on day 5 in a 53-year-old man with
subendocardial infarct in the left anterior descending coronary territory. The CE image at 2 min showed transmural enhancement in the anterior and the septal regions similar
to the areas of increased signal intensity on T2W imaging. Enhancement diminished with time, and a marked reduction was observed on later acquisitions. (b) CMR imaging
was performed on day 3 in a 59-year-old man with transmural infarct in the left anterior descending coronary territory. The CE images at all time points demonstrated
transmural enhancement in the anterior and the septal regions similar to the myocardial edema on T2W imaging. The change in enhanced regions was small throughout the
examination.
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employed.
Early enhancement in salvaged AAR
There has been controversy whether ‘‘bright is dead’’ is true
early after reperfused AMI. Conﬂicting reports have been published
in the literature concerning the physiological interpretation of
contrast enhancement early after AMI [2–4,15,16]. Rehwald et al.
[16] suggested that overestimation of the infarct size might be
attributable to not using the current standard CE-CMR technique, a
segmented inversion-recovery sequencewith the adjusted TI, from
their results obtained by pathological analysis in rabbits. Although
a TI not set to null normal myocardium has the potential to
underestimate infarct size [6,17], it does not cause overestimation
on early acquisition. In the present study, we employed a PSIRsequence, which allowed a wide range of TI values to demarcate
enhanced regions, as well as magnitude reconstruction with the
optimal TI [11]. Early enhancement in salvagedmyocardium could
be related to the increased distribution volume [18]. However, the
increased distribution volume alone is unable to explain the fading
of enhancement with time. Although human gadolinium kinetics
in salvaged myocardium remains to be fully elucidated, the fading
of enhancement suggests that enhancement in salvaged myocar-
dium could involve the different gadolinium kinetics from normal
myocardium [18].
In the present study, the diminution of enhancement was
observed in both radial and circumferential directions. Although
myocardial salvage cannot occur at the lateral borders of the
infarct in terms of the wavefront phenomenon [19], the result is
not surprising. The endocardial surface area of infarction for
estimating the AAR is based on the hypothesis of the wavefront
[(Fig._3)TD$FIG]
Fig. 3. Bland–Altman analysis comparingmyocardial edema on T2-weighted (T2W)
imaging and enhancement on contrast-enhanced (CE) imaging at 2 min. (a) Manual
delineation and (b) 2-SD technique. The dashed line is the average difference, and
the dotted lines represent the bias 2 SDs limits between the two measurements.
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was smaller than the AAR derived from T2W CMR or the
angiographic score [20]. Even in a validation study for late
gadolinium enhancement using an animalmodel and a histological
method [15], the AAR extended beyond lateral border of the
subendocardial infarct as delineated by late CE imaging.
Measurement of myocardial salvage on CE-CMR
Myocardial salvage derived from the combination of T2W and
CE imaging has been employed to evaluate the efﬁcacy of
reperfusion therapy in recent clinical studies [21] and has shown
prognostic value [22]. Some investigators argued that the
difference in size between the two sets of MR images could be
attributable to partial volume by using a lower threshold for T2W
images (2 SDs) compared with CE images (5 SDs) [19]. In the
present study, even when the same threshold (2 SDs) was used for
both T2W and CE images, the difference in the size between
myocardial edema and enhancement was signiﬁcant late after
gadolinium injection in subendocardial infarct. On the other hand,
enhancement at 2 min correlated with myocardial edema regard-
less of infarct transmurality in accordance with our previous study
[7]. Enhancement began to diminish already at 4 min, particularly
in subendocardial infarct. Thus, early CE imaging for delineation of
salvaged myocardium needs to be completed in a short time
(ideally within a minute).
Alternatively, semiautomated analyses using simple image
intensity thresholds are also used to improve objectivity and
reproducibility. The 5-SD threshold was used widely in recent
clinical studies for the deﬁnition of myocardial infarction on late
CE-CMR [21,22]. In the present study, early enhancement deﬁnedonly by the 2-SD threshold correlated with myocardial edema in
subendocardial infarction. The sizes of enhancement deﬁned by the
3- to 5-SD thresholds were signiﬁcantly smaller than myocardial
edemathroughout theexamination.This couldbeattributable to the
different mechanisms for enhancement from the infarcted myocar-
dium (altered sarcolemmal membrane integrity). Hence, the 2-SD
threshold could be appropriate for the deﬁnition of the salvaged
myocardiumonearlyCE-CMRbecauseof lesser bright enhancement
compared with the infarcted myocardium on late CE-CMR.
Additionally, the present study showed that preference of image
window settings was inﬂuenced by imaging time. In salvaged
myocardium, less bright enhancement appeared on early images
and diminished with time on later images, whereas the core of the
infarctwas hypoenhancedor less brightly enhancedonearly images
and bright enhancement gradually appeared on later images. As a
result, the window setting would be adjusted for the contrast
between the less bright salvaged myocardium and normal
myocardium on early images and the contrast between the bright
core of infarct and normal myocardium on later images.
Clinical implications
Although T2W CMR has been well validated for the assessment
of the AAR, early CE-CMR has possible advantages. One advantage
is that myocardial salvage derived from T2W and late CE imaging
necessitates comparison between different types of images. The
combination of early and late CE imaging using the same imaging
sequence facilitates comparison between the AAR and infarcted
myocardium. Another advantage is the reduction of total
examination time because early CE imaging can be performed
during the waiting time for late CE imaging. T2W CMR needs to be
performed before contrast injection, and it takes severalminutes to
acquire images for the entire left ventricle. Shorter examination
times are advantageous to improve patients’ compliance and to
reduce the risk for patients with AMI. Rapid 3D-acquisition or
single-shot imaging, which is available in most recent scanners,
would allow imaging for the whole left ventricle during a single
breath-hold.
There has been a concern as to how and when we should
perform CE-CMR for the determination of infarct size early after
AMI [1,23]. The ﬁndings in the present study indicate that image
acquisition early after gadolinium administration leads to overes-
timation of infarct size due to hybrid data between the AAR and
infarct size. Although the true infarct size (e.g. histology) was
undetermined in human study, as far as the results in the present
study indicate, we should wait at least 15 min after injection to
exclude the salvaged AAR.
Study limitations
This study has several possible limitations. First, we compared
myocardial enhancement on CE imagingwithmyocardial edema on
T2W imaging. There is controversy regarding the presence of edema
within salvaged myocardium and feasibility of T2W CMR in the
measurement of AAR [19,23]. However, Abdel-Aty et al. [24]
demonstrated that high signal intensity was observed on T2W CMR
in salvagedmyocardium. This approachwas histologically validated
in animal models with reperfused AMI [25,26], and the size of AAR
measured by T2W CMR correlated with that by SPECT [27]. In the
absence of a reference standard (e.g. microspheres) in human study,
this issue is difﬁcult to resolve in the clinical setting. Second, CE
imaging was performed in a single slice to examine the time course
of myocardial enhancement at short intervals and to improve
patient compliance. Lastly, CMR was performed within 5 days after
the event. Further investigation is necessary to determine the
optimal period for measurement of the AAR on CE-CMR.
H. Matsumoto, et al. / Journal of Cardiology 65 (2015) 76–81 81Conclusions
The optimal timing for delineation of salvaged myocardium on
CE-CMR is 2 min regardless of infarct transmurality. Imaging needs
to be completed in a short time (ideally within a minute) because
of the rapid reduction of enhancement in salvaged myocardium.
The 2-SD threshold can be employed as an objective deﬁnition of
early enhancement to quantify the AAR on CE-CMR.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jjcc.2014.04.005.
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